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Introduction
The former belief that right ventricular function is negligible when evaluating global cardiac performance w1x has been reconsidered with respect to common clinical scenarios in which an impairment of right ventricular function has been shown to substantially influence clinical decisionmaking and patient outcomes w2x.
The exposure of the right ventricle (RV) to various situations with hemodynamic compromise is still a challenge for physicians within the realm of adult and pediatric cardiac surgery. These conditions include right ventricular pressure overload associated with increased pulmonary resistance, especially after cardiac transplantation, as well as the acute respiratory distress syndrome or during left ventricular mechanical circulatory support. In pediatric patients who undergo an arterial switch operation (ASO) for correction of a transposition of the great arteries (TGA) malfor- mation a right ventricular pressure overload may be encountered due to pulmonary artery stenosis as a possible postoperative complication w3x. On the other hand, volume overload of the RV as a result of pulmonary regurgitation (PR) is a common complication after tetralogy of Fallot (TOF) repair, post-valvotomy for pulmonary stenosis, or it may be primarily present in rare cases, such as in absent pulmonary valve syndrome and in isolated congenital PR. PR still constitutes a major risk factor for the development of late right ventricular dysfunction and failure following chronic right ventricular volume overload w4x. Moreover, in the case of a clinically manifest PR, the best timing for surgical pulmonary valve replacement remains a matter for debate w5x.
The definitive approach to right ventricular dysfunction remains an area lacking clear guidelines andyor evidence for diagnostic and therapeutic strategies. Evidently, the instantaneous beat-to-beat evaluation of the RV bears important data for elucidating detailed insights of the right ventricular function w6, 7x. Therefore, the purpose of this study was a detailed exploration and comparison of right ventricular response to pressure and volume overload in Downloaded from https://academic.oup.com/icvts/article-abstract/10/4/519/658797 by guest on 09 February 2019 both acute and chronic settings using the conductance catheter method in sheep.
Materials and methods

Animals
Animals received humane care in compliance with the Principles of Laboratory Animal Care formulated by the National Society for Medical Research and the Guide for the Care and Use of Laboratory Animals. Four-month-old domestic sheep (mean weight: 39.4"1.4 kg) were randomized for gender and weight in two experimental groups: surgically induced pressure (ns10) or volume (ns10) overload (Fig. 1) .
The methods for anesthesia, medication and hemodynamic monitoring of the animals during surgical procedure have been described before w8, 9x.
Surgical induction of pressure and volume overload
Pressure-overload of the RV was established by banding of the pulmonary trunk with a 3-mm Dacron band approximately 2 cm above the pulmonary annulus following left anterior thoracotomy through the 5th or 6th intercostal space and pericardiotomy (Video 1). The degree of the pulmonary stenosis was gradually adjusted by direct intraventricular measurements with a pressure tip catheter and an elevation of the systolic right ventricular maximal pressure of 50-60% above the baseline level. Thereafter, the two ends of the Dacron band were fixed using three stitches through both ends with 3y0 Prolene. The band was fixed on the wall of the pulmonary trunk using single 5y0 Prolene stitches on each side in order to prevent inadvertent sliding of the band towards the pulmonary bifurcation (Fig. 2) .
The surgical method for transannular patch (TAP) augmentation of right ventricular outflow tract (RVOT) has been described before w8, 9x (Video 2, Fig. 2 ).
Video 2. RV and RVOT during acute volume overload after transannular patch enlargement of the RVOT. Bold values represent significance (P-0.05). Values are presented as mean"S.D. PO, pressure overload; VO, volume overload; Preop, preoperative; Postop, postoperative at day 0; n.a., not assessed; P , maximum pressure; EDP, end-diastolic pressure; ESP, end-systolic pressure; dpydt, maximal slope of systolic max pressure increment (dpydt ) and diastolic pressure decrement (dpydt ); EDV, end-diastolic volume; ESV, end-systolic volume; EF, ejection fraction; CO, cardiac max min output; SV, stroke volume; HR, heart rate; Eed, slope of end-diastolic pressure volume relation; Ees, slope of end-systolic pressure volume relation; PRSW, preload recruitable stroke work; V(x), volume intercept for a given pressure of x; P(x), pressure intercept for a given volume of x.
Functional evaluations of the RV were performed before (baseline) and immediately after surgery using pressurevolume loop measurements. The final hemodynamic assessment was performed following a median sternotomy under baseline and dobutamine stress conditions (approximate dosage of 4.5 mgykgymin) three months postoperatively. Transthoracic echocardiography was instituted by a cardiologist blinded to the groups to prove lasting PR in the volume overload group six weeks after surgery. The grade of regurgitation was defined as follows 0snone, 1smini-mal, 2smild, 3smoderate, 4ssevere.
Beat-to-beat evaluation of right ventricular function
The methods for pressure-volume loop assessments were already described in detail before w8, 9x. The following parameters were assessed: maximum pressure (P ), endmax diastolic and end-systolic pressure (EDP, ESP), end-diastolic and end-systolic volume (EDV, ESV), relaxation time (t), ejection fraction (EF), cardiac output (CO), stroke volume (SV), maximum and minimum rates of pressure rise and decline during ejection wmaximal slope of systolic pressure increment (dPydt )x and relaxation phase wmaximal slope max of diastolic pressure decrement (dPydt )x and heart rate min (HR) were determined analyzing single heartbeats. The slopes of end-diastolic pressure volume relation (Eed), endsystolic pressure volume relation (Ees) and the preloadrecruitable stroke work (PRSW) were detected following inferior caval vein occlusions.
Statistics
Data are presented as mean"standard deviation (S.D.). Statistical analysis was carried out with the SPSS software package (SPSS Inc). For procedural dependent comparison between the pre-and post-surgical RV function of each animal the Wilcoxon signed-rank test was chosen. For the comparison between the two experimental groups data were subjected to Mann-Whitney U-test. P-0.05 were considered statistically significant.
Results
Right ventricular response to acute loading alterations in the volume and pressure overload groups are depicted in Table 1 .
Comparison of the groups for acute loading changes
The comparison of both groups reflected significantly greater pressure loading of the RVs after pulmonary artery banding, which was reflected in P (P-0.001) and ESP max (P-0.001) (Fig. 3) . The decrement in the EF was more prominent in the pressure overload group (Ps0.041) whereas SV and CO were clearly enhanced in the volume overload group, Ps0.013 and Ps0.01, respectively. dPy dt was accelerated (2-fold) only in the pressure overload min group, which substantially differs from the measured speed n.a. 6.3"1.9 n.a. n.a. 12.4"3.8 n.a. n.a.
0.003
Bold values represent significance (P-0.05). Values are presented as mean"S.D. PO, pressure overload; VO, volume overload; Baseline, at three months; Dob, dobutamine stress conditions at three months; Preop, preoperative day 0; Postop, postoperative; n.a., not assessed; P , maximum pressure; EDP, end-diastolic max pressure; ESP, end-systolic pressure; dpydt, maximal slope of systolic pressure increment (dpydt ) and diastolic pressure decrement (dpydt ); EDV, endmax min diastolic volume; ESV, end-systolic volume; EF, ejection fraction; CO, cardiac output; SV, stroke volume; HR, heart rate; Eed, slope of end-diastolic pressure volume relation; Ees, slope of end-systolic pressure volume relation; PRSW, preload recruitable stroke work; V(x), volume intercept for a given pressure of x; P(x), pressure intercept for a given volume of x.
(1.1-fold) in the volume overload group (P-0.001). No vena cava occlusion measurements could be performed in the volume overload group because these were the first experiments conducted in our lab. We cautiously tried to prevent early right ventricular decompensation, which would result in higher mortality. Right ventricular response to chronic loading alterations in the volume and pressure overload groups are depicted in Table 2 .
Comparison of the groups for chronic loading changes
Both groups underwent a fall in the SV with 36% and 34%, in the pressure and volume overload groups, respectively. A similar trend could be observed in the CO measurements, which revealed substantial decreases in both groups in comparison to the preoperative levels (Ps0.002 and Ps0.008, pressure overload and volume overload groups, respectively). However, CO and SV lacked a significant difference between the groups. Ees and PRSW rose in both groups compared to preoperative values, but the extent of the elevation was more prominent in the pressure overload group without a difference between the groups. There was no significant difference regarding diastolic performance between both groups under baseline conditions three months postoperatively (Fig. 4) .
Dobutamine stress conditions at three months -comparison of both groups
Under catecholamine stimulation, the pressure overload group revealed better elasticity indexes, dPydt and Eed, min in comparison to the volume overload group (Ps0.013 and Ps0.005, respectively). The contractile performance determined by Ees and PRSW again showed superior systolic capacity in the pressure overload group (Ps0.022 and Ps0.013, respectively). These results were supported by determining volume and pressure intercepts of linear ESPVR and EDPVR by given pressure and volume levels that lie within the work range of the RV (Fig. 5) .
Downloaded from https://academic.oup.com/icvts/article-abstract/10/4/519/658797 by guest on 09 February 2019 Fig. 4 . Representative pressure volume loops depict baseline chronic response of the RV in both groups. Inferior vena cava occlusions revealed contractility and elasticity indexes of the RV. The slopes of end-systolic pressure volume relation (ESPVR -red) and end-diastolic pressure volume relation (EDPVR -green) were determined as Ees and Eed, respectively. The percentages show the change in the Ees value compared to the preoperative measurements for PO (a) and VO (b) groups (*P-0.05 vs. preoperative). No significant difference is detected between the groups regarding Ees and Eed. RV, right ventricle; PO, pressure overload group; VO, volume overload group; ESP, end-systolic pressure; EDP, end-diastolic pressure. Fig. 5 . Representative pressure volume loops show the response of the RV to dobutamine three months after surgery in both groups. The figure presents the comparison of PO (solid loops) and VO (dashed loops) groups during preload reduction by occlusion of the inferior vena cava. The slopes of endsystolic pressure volume relation (Ees -red) and end-diastolic pressure volume relation (Eed -green) were determined as Ees and Eed, respectively (*P-0.05). RV, right ventricle; PO, pressure overload group; VO, volume overload group. ESP, end-systolic pressure; EDP, end-diastolic pressure.
Discussion
Response of the RV on acute and chronic pressure overload
Acute elevation of right ventricular peak systolic pressure by 60% was the maximal extent of afterload elevation before RV failure occurred. A similar level of pressure overloading has been achieved by others in experimental and clinical settings w7, 10x.
Increased contractility concomitant with preload elevation following an acute right ventricular pressure overload is in agreement with the findings of Hon and coworkers in open pericardium sheep with a similar surgical technique w7x. In particular, this group showed that EDV increased following pulmonary banding without significant change in ESV resulting in an enhancement of right ventricular output. However, DeVroomen and colleagues found an elevation of only the contractile performance without preload elevation, in a series with closed-chest preparations on one-week-old lambs w11x. This group advocated the homeometric autoregulation alone to be responsible for the improvement of right ventricular contractile performance. Their afterload elevation technique differed in that the group introduced a balloon to reduce pulmonary artery flow. On the other hand, neonatal hearts' responses to acute and chronic pressure overload differ from that of adult hearts. The closed-chest (pericardium) preparation and different surgical techniques may have created the loading differences despite similar levels of pulmonary flow obstruction. Moreover, the timing of hemodynamic measurements seems to play an important role in the change of right ventricular response w12x.
In agreement with other groups, acute elevation of the right ventricular afterload does not alter intrinsic diastolic properties of the RV w7, 13x. Hon et al., however, observed a significant increase in Eed after acute pulmonary banding, which was attributed to an increased right ventricular enddiastolic volume (RVEDV) and shift in the position of pressure-volume loops without altering the EDPVR-curve w7x.
Three months postoperatively, besides normalization in volume and pressure loadings of the RV the contractile performance of the RV (PRSW, Ees) under baseline conditions was clearly better than at the preoperative level.
Response of the RV on acute and chronic volume overload
TAP augmentation of the RVOT revealed altered ventricular volume parameters accompanied by an acute stress response with an enhancement of contractile properties due to acute PR.
Echocardiography confirmed the success of our experimental strategy by showing grade II-III pulmonary insufficiency in all operated animals six weeks after surgery w8, 9x. In the analysis three months after surgery, baseline measurements indicated an adaptation of the RV after initially elevated volume and pressure loadings with a return to preoperative levels. However, the chronically volume-overloaded RV operated with a higher HR but lower SV and thus lower CO in comparison to preoperative levels, which is in contrast to an enhanced contractile state (Ees and PRSW). It must be further investigated whether a moderate degree of PR may lead to a higher intrinsic contractile state but reduced pump performance through eccentric myocardial hypertrophy. Under careful consideration of the significantly higher HR, an explanation of the apparently superior contractile performance may be a higher level of symphathetic nervous tone.
The diastolic function did not reveal any changes in the chronically volume-overloaded hearts under baseline conditions. Similar results have been presented by Szabó et al. who investigated the capacity of chronically volume-overloaded hearts on acute afterload elevation w13x. In another series of severe chronic PR with stenting of the pulmonary valve in growing swine, the authors have postulated no change in diastolic but altered systolic properties of the RV three months after surgery w14x. Evidently, in our model leading to moderate to severe pulmonary insufficiency, animals showed no sign of cardiac failure. It is commonly known that chronic RV volume overload e.g. following early TOF repair is well-tolerated over a long period of time w4, 5x.
Dobutamine stress conditions
Distinctly better systolic wEes, PRSW, dPydt (not signifmax icant), V40x and diastolic function (Eed, dPydt , P20) min were observed in the pressure overload group under catecholamine stress (Fig. 5) . The resting systolic potential of volume-overloaded hearts seems to be altered and the pressure-overloaded RVs bear a greater ability to utilize inotropic reserves than the chronically volume-overloaded hearts. Chen et al. noted increased a1-and b-adrenergic receptor density in dogs with pulmonary hypertension, both of which contribute significantly to the hypertrophic response in adult myocardium to stress and may, in part, play a role in the genesis of increased RV contractile forces w15x.
Limitations of the study
When investigating the right ventricular function in the context of ASO it would probably be more appropriate to use younger sheep. The implications of hemodynamic changes that would eventually be different in younger animals cannot be addressed in this study. The hearts in this study were healthy in comparison to ventricles as in e.g. hypertrophied RV in the TOF or underdeveloped LV in the TGA. Thus, we must consider the fact that these experimental models can only partially mimic congenital cardiac pathologies. The comparison of both overload conditions should be cautiously accepted regarding volume and pressure loadings of the RV. However, in our opinion load-independent parameters of contractility and elasticity would be comparable between the groups without restriction.
In conclusion, the volume overload group possessed inferior diastolic and systolic capacities under dobutamine stress conditions three months postoperatively as compared to the pressure overload group. The resting diastolic capacity of the RV following stable chronic pressure overload is undoubtedly a new finding that is certainly open to debate. Novel treatment strategies for myocardial dysfunction can only be investigated when intrinsic myocardial function can be analyzed in a differentiated manner such as with the conductance catheter method.
